In June 2004 and June 2005, we checked 40 and 134 ponds respectively for alive and dead alpine newts, common toads, common frogs, and their clutches on the "Kirchfeld" plateau in the Northern Limestone Alps of Austria. We found several hundred dead common frogs and alpine newts in the two consecutive years and also observed an unusually high number of heterospecific matings between common toads and common frogs in 2004. In order to test whether the observed mortalities were caused by disease, we screened 98 individuals of the three species for chytridiomycosis, a highly infective fungal disease, in 2008. All samples proved to be negative. We therefore assume that the high losses for the common frog population (26 % in 2004 and 9 % in 2005) during the spring migration, as well as the breakdown of the temporal premating isolation between the common frog and common toad, were caused by temperature anomalies alone, i.e. sudden low temperatures after a warm spring period. The high number of dead alpine newts found in 2005 was negatively correlated to the oxygen saturation of the ponds, frequently covered by ice during the early breeding season. We discuss the possible effects of climate change on phenological timing, breeding isolation and chytridiomycosis in alpine amphibian populations.
Introduction
Biodiversity is globally under threat, largely as a result of anthropogenic changes to the environment such as habitat loss, climatic changes, and emerging diseases (Gascon 2007) . Amphibians seem to be particularly affected by these changes and are considered the most threatened group of vertebrates. Many species of amphibians are especially vulnerable to habitat loss as they need aquatic and terrestrial habitats to complete their life cycle and frequently migrate from one type of habitat to the other (Semlitsch 2003) . Habitat deterioration and fragmentation therefore are the prime causes for population declines in densely populated lowland areas such as central Europe (Stuart 2004; Cushman 2006 ). Compared to lowlands, our knowledge on threats to alpine amphibian populations is still very limited. The few Austrian populations from montane habitats that have been studied in greater detail seemed not to be declining (Schabetsberger 1995 , Schabetsberger et al. 2004 Gutleb 2005) . Some of the most worrying amphibian declines, however, have been reported from seemingly pristine mountain areas and partly associated with climate change (e.g. Berger et al. 1998 , Pounds et al: 1999 , Bosch et al. 2001 . The role of climate change in amphibian declines is complex and insufficiently understood as it may affect individuals and populations either directly or indirectly and may be active over long periods (Collins & Storfer 2003) . Global warming is causing some amphibian species to breed earlier, which may have consequences for species interactions (Gibbs & Breisch 2001; Tryjanowski et al. 2003; Sparks et al. 2007) , and unusual weather events may cause increased mortality (Laurance 1996). The greatest threat associated with environmental Common frog (Rana temporaria) breeding site at the study area "Kirchfeld" plateau, Northern Limestone Alps, Austria © Walter Hödl this breakdown of temporal premating isolation in relation to unusual weather events and mortality risks.
Material and Methods

Study species
Besides the viviparous alpine salamander (Salamandra atra), three pond-breeding amphibian species occur in our study area that we focused on: the alpine newt (Ichthyosaura alpestris), the common toad (Bufo bufo), and the common frog (Rana temporaria). The three species are widely distributed throughout Europe and occur from lowlands up to altitudes above 2 000 m (Gasc et al. 1997) . Alpine newts stay in the ponds for approx. three months and females lay their eggs continuously over several weeks (Grabherr et al. 2009 ). The common toad and the common frog are typical explosive breeders in which spawning activity peaks within a few days (Wells 2007, pers. obs) . Males may not distinguish between sex and species and females can be subject to coercion and male-male competition (Marco & Lizana 2002) . In our study area, common frogs are the earliest amphibians to arrive at the breeding ponds, sometimes spawning even before the ponds' snow cover has thawed, followed by alpine newts and common toads. change, however, seems to be its influence on disease emergence resulting from effects on host and pathogen physiology (Lips et al. 2008) . Outbreaks of amphibian chytridiomycosis, a fungal disease caused by Batrachochytrium dendrobatidis (Bd), have been made responsible for die-offs around the world associated with environmental change, particularly in mountain areas (Pounds et al. 2006; Bosch et al. 2007; Lips et al. 2008) . Bd is spreading quickly to new regions, probably assisted by commercial amphibian trade (Garner et al. 2006; Picco & Collins 2008) , and can cause rapid population declines and disappearances in many amphibian species (Berger et al. 1998; Bosch et al. 2001; Lips et al. 2006) . For the Alps, climatic models predict Bd to be absent from high altitude sites because of low temperatures (Rödder et al. 2009 ), however, data on the occurrence of chytridiomycosis in alpine amphibians is still lacking. Bd has been detected in lowland amphibian populations of Switzerland and Austria (Schmidt pers. comm; Sztatecsny unpubl.) and, with increasing temperatures, may spread into naïve alpine populations. The warming experienced in the Alps since the early 1980s, while synchronous with global warming, may locally reach a fivefold amplification of the global signal (Beniston et al. 1997) . In June 2004 and 2005, we observed mass mortalities in an alpine amphibian population in the Northern Limestone Alps of Austria. On the basis of these observations, we tested the occurring amphibian species for chytridiomycosis in 2008. We wanted to know if the mortalities were caused by an unusual weather event alone or if the animals might have been infected with Bd. We also found an unusually high number of heterospecific matings between common toads and common frogs in 2004. Breeding in the two species normally does not overlap, as common frogs arrive earlier (Tryjanowski et al. 2003 ; own obs.). We discuss Based on our observations of dead amphibians at ponds of the Kirchfeld study area, we conducted a survey for Bd in June 2008. To check if the disease was present in the region, we sampled all amphibian species present at three separate sites at different altitudes along an elevational gradient. At 645 m (valley of the river Enns, Wörschach Moos, 14° 11.615' E, 47° 33.344' N), we sampled 20 juvenile common toads at a man-made fish pond. At mid-altitude, we collected 10 female and 10 male alpine newts from a cattle drinking pond (1 360 m, 14° 10.78' E, 47° 35.160' N) and at the Kirchfeld study area, we sampled 13 female and 12 male common frogs and 17 female and 17 male alpine newts. All three species are known to get infected by Bd (Garner et al. 2005) . Animals were captured by dipnetting and handled with unused latex gloves to reduce the risk of possibly transmitting the disease. Samples were taken by firmly running sterile cotton swabs (Medical Wire & Equipment, MW 100) over the amphibians' ventral surface, flanks, feet and tail (for alpine newts only) as described by Kriger et al. (2006) . All animals were released at the point of capture immediately after sampling. Swabs were replaced in their original container and stored at room temperature. We screened all swabs for the presence of B. dendrobatidis by the use of quantitative real-time polymerase chain reaction (qPCR) as described in Boyle et al. (2004) . However, we applied the changes suggested by Kriger et al. (2006) , ran all samples in duplicate and always added three standards reactions containing DNA from 100, 10, 1, and 0.1 Bd genome equivalents and a negative control. To calculate the probability of freedom from disease for the amphibian populations at the Kirchfeld study area, we used FreeCalc software (Cameron & Baldock 1998) , assuming a population prevalence of 5 % (as found in other Austrian populations, Sztatecsny unpubl.), and a test sensitivity of 97 % (Hyatt et al. 2007 ).
Results
Mortality during spring migration
In 2004, we estimated a total of approx. 250 dead common frogs and 356 common frog egg clutches in 40 survey ponds (many frogs died in dense aggregations Figure 3 ). The log number of dead alpine newts found in 2005 was negatively correlated to oxygen saturation of the ponds (r 2 = 0.16, F = 11.59, P = 0.001).
Breakdown of temporal breeding isolation
Low temperatures after May 23, 2004, probably caused high mortality in common frogs and interrupted their breeding activity. When they resumed breeding three weeks later, common toads had arrived at the breeding site as well. On June 10, we counted 206 freshly laid frog egg clutches and 32 common frog males in the largest of our study ponds, whereas all female frogs had left the spawning site. The ratio between common toad and frog males was 1:1.45 and of the 23 toad females in amplexus, 12 (52.2 %) were clasped by male frogs (Figure 4 ). We observed five female toads spawning while in amplexus with a heterospecific male. On the following day, common toad males outnumbered the two species occurs only in case of syntopy and unusually cold breeding seasons (Reading 1984) . Reading (1984) , however, made his observations at an artificial pond where both species had been deliberately introduced. Here we could show that similar interactions may happen in natural populations as a consequence of a temperature anomaly alone. Due to low temperatures in May and the lasting ice cover on the pond, common frogs could not start breeding before the ice had thawed. At that time, toads were also ready to start their spawning migration. The size of amphibian populations is known to fluctuate significantly over time (e.g. Meyer et al. 1998), however, losses of 9 -25 % of one year's breeding adults may have dramatic effects on a population if such events occur repeatedly. Amphibians from high elevation populations in the Alps need up to ten years to reach maturity and can reach an age of over 20 years (Schabetsberger & Goldschmid 1994; Miaud & Merilä 2000; Gutleb 2005) . Considering the high age of mature adults, premating mortality might have more severe effects on high altitude compared to lowland populations. To what extent chytridiomycosis will affect alpine amphibian populations in the future remains largely unknown. Climate models predict high elevation sites in the Austrian Alps to be too cold for Bd to occur (Rödder et al. 2009 ), however, infected I. alpestris have recently been found at an altitude of 1 630 m in western Austria (Glaser & Sztatecsny unpubl.) . The spread of Bd to higher elevation sites may just be a matter of time and could be accelerated by increasing temperatures. The disease exhibited the most devastating effects in Europe in montane amphibian populations of Spain (Bosch et al. 2001; Bosch & Martinez-Solano 2006) . Climate change seemed to play a role in the outbreaks (Bosch et al. 2007 ), but it cannot be ruled out that high-altitude amphibian populations may also be more susceptible to the disease than lowland populations. There is some evidence for local adaptation in populations from different altitudes in the Alps and this may cause different sensitivity to environmental stressors (Miaud & Merilä 2001; Ficetola & De Bernardi 2005) . The Alps are more affected by global change than lowland areas and the changes observed so far may have significant effects on mountain hydrology, snow cover, and mountain vegetation (Beniston & Jungo 2002 ). Our observations demonstrate the reliance of amphibians on temperature for phenological timing and breeding isolation. In addition to an increase in temperature anomalies, climate warming is predicted to cause habitat range extensions for amphibians in many parts of Europe (Araujo et al. 2006) . Except for the alpine salamander, all amphibian species occurring in the Austrian Alps are not restricted to certain elevations (Gasc et al. 1997 ) and should be able to extend their range upwards. The few studies on alpine amphibian populations in the Austrian Alps (see intro- 
Chytridiomycosis
Batrachochytrium dendrobatidis was detected in none of the 98 samples analysed. The calculated confidence level for Bd to be absent from the Kirchfeld study area at an assumed prevalence of 5 % was 96.48 %.
Discussion
We found several hundred dead common frogs and alpine newts in two consecutive years and daily mean temperature data from one year suggested that colder than average temperatures in spring may have been responsible for the amphibians' death. No samples were positive for Bd in the populations, suggesting that chytridiomycosis was not a cause for the die-offs. The low temperatures in May 2004 may have caused the breakdown of temporal separation in breeding of syntopic common frogs and toads. In case of amphibian mortality events in high elevation sites, it remains difficult to determine whether death was caused by weather anomalies alone or if other factors played a role as well. The rapid drop of temperature around May 23 may have happened too quickly for the migrating or spawning frogs to seek shelter. The dead alpine newts found in 2005 had reached their breeding sites and probably suffocated when ice formed on the ponds during cold weather. Common toads remained unaffected by the cold weather as they breed later (Tryjanowski et al. 2003; own obs.) . Seasonally early breeding should be favoured by natural selection as it increases the time for juvenile development and energy allocation for hibernation. Extending the activity period towards spring is particularly advantageous at high altitudes, as summers are short. The disadvantage of early arrival at the breeding site, however, is an increased susceptibility to adverse spring weather conditions (Morbey & Ydenberg 2001 
